Being a multi-etiological factors disease, osteonecrosis of the femoral head affects many young people, leading to the collapse of the femur head; eventually the hip arthroplasty is needed if not treated in time. Unfortunately, as yet, no satisfactory therapy to repair necrotic bone at an early stage is present. Novel implants with pre-set channels were designed for the treatment of early femoral head necrosis. Ceramic stereolithography was applied to fabricate the green part from β-TCP powder. Other processes, such as dehydration, rinsing, drying and sintering, were processed successively. The final ceramic part remains the same as the engineered part in both shape and internal structure. No significant deformation or crack occurred. X-ray diffraction showed that no facies changed or chemical reaction occurred during the fabrication process. The chemical composition remains the same as that of the original β-TCP powder. The compressive strength is 23.54 MPa, close to that of natural cancellous bone. Novel implants with a pre-set channel were designed and fabricated for blood vessel implantation . Bioceramic stereolithography technology based directly on the CAD model in this research shows advantages in accurate design, optimization of 3D scaffold and critical control of the fabrication process. This proposed implant shows promising clinical application in the restoration of early femoral head necrosis.
Introduction
Being a multi-etiological factors disease, osteonecrosis of the femoral head (ONFH) affects many young people and could lead to the collapse of the femur head; eventually hip replacement is needed if not treated in time [1] . Many traditional surgical treatments had been applied to preserve the femoral head instead of replacing it, such as osteotomy, core decompression and vascular implantation [2] [3] [4] . However, during the repairing process, the newly formed tissue (mainly soft woven trabecular bone) is too vulnerable to undergo external pressure, which could lead to damage of the freshly formed blood vessels and eventually the collapse of the femur head [5] .
In order to prevent the collapse of the necrotic femoral head, an ideal strategy should include the reinforcement of regenerative ability and the maintenance of the mechanical strength of the local bone (in the necrosis area) at the same time. We hypothesized that biodegradable scaffolds constructed by the tissue engineering approach which retain the similar shapes and structures of the necrotic area might be helpful for the treatment of ONFH. Both biological and mechanical performance should be considered for the design of functional bone implants, such as the porosity, interconnected porosity and vascularization ability [6] .
This study aimed to design and fabricate a novel vascularization core implant with porous structure and pre-set channels for vascular implantation for the treatment of early ONFH.
Material and methods

Design
A three-dimensional model of the bone implant was constructed with the Pro/ENGINEERING software. The engineered porosity of the implant was 65%. The engineered interconnected porosity was 100%. The pores and interconnected pores were beneficial for the new bone growth and stabilization of the implant.
In the x-y plane, a single-layer porous structure was configured by an interconnected 2 mm diameter sphere (sphere center distance 1.8 mm). In the z direction, the slice gap was 1.8 mm. The 3D model of the porous implant was created by Boolean subtraction operation (figure 1(a)), as previously described [7, 8] . The engineered implant with double conduit channels is a cylinder (diameter 10 mm, height 40 mm). Figure 1(b) shows the final 3D model of the implant with porous structure and double conduit channels. The implant with double conduit channels was designed for the implantation of the veins and arteries into the designed conduit channels. A small artery and vein could be implanted into the pre-set double conduit channels respectively and sutured together to form the arteriovenous loop pathway (figure 2(a)). As previously researched, a revascularized implant could be implanted into the core decompression hole of the necrotic femoral head (figure 2(b)) [4, 5] .
Implant fabrication
The premix liquid used in this study was a solution of acrylamide (AM), methylenebisacrylamide (MBAM) and dispersant (sodium polymethacrylate), which was dissolved in Table 1 shows the composition of the ceramic slurry. The solution was stirred for 10 min and then homogeneity was achieved. Then the solution was ground in a ball mill for 24 h. The rheological behavior was optimized to allow suitable layer spreading and to achieve a homogeneous green microstructure. Finally, a photoinitiator (photocure-1173, JinJiang HongTai Chemical Engineering Co., Ltd, China) was added to the suspension.
An experimental rapid prototyping (RP) system was used with a custom-made SL machine (SPS450B, Shaanxi Hengtong Intelligent Machine Co. Ltd, China), containing a UV laser with adjustable power (DPSS, USA). The fabrication process is described in the previous literature [9] . After the fabrication process, the green parts were removed from the platform and rinsed in deionized water. Then, the green parts were soaked in polyethylene glycol (PEG) for 24 h to make them dry. The PEG was removed by soaking the green parts in dehydrated alcohol for 24 h. After drying, the pyrolysis and sintering processes were conducted in an electric furnace with a heating rate of 80
• C h −1 from room temperature to 340
• C. The sample was held for 1 h at 340
• C to ensure that the crosslinking agent was burnt out, and then the samples were sintered at serial different heating rates: 80
• C h −1 to 700 • C; and 360
• C, holding for 1 h at 1150
• C and then the temperature was decreased to room temperature in 12 h.
Performance
The theoretical porosity was obtained from the pores and channels that were created in the design. For the powder materials, the microporosity was created by the space between the individual granules of powder. Both of these porosities were considered and calculated with a general formula. The porosity of the scaffolds was measured by the liquid displacement method [10] .
To evaluate the axial compressive strength of the resulting scaffolds, compression tests were carried out with an Instron 5848 Material Testing System (Instron Corp., Canton, MA). The compression samples had an average diameter of 10 mm and an average height of 15 mm. The samples were then tested under axial compression by loading at a speed of 1 mm min −1 . The compressive modulus was determined from the slope of the longer linear portion of the stress-strain curve.
X-ray diffraction (XRD) (Rigaku D/Max-3C, Japan) was used to characterize the crystallinity, chemical composition, and structure of the materials. As-received β-TCP powders, the green part, and sintered samples were crushed into a powder, and then XRD experiments were performed with Cu Kα radiation at 20 mA and 40 kV. The scans were performed between 2θ values of 10
• and 70
• at a rate of 0.4
• min −1 . A scanning electron micrograph (SEM) (DJM-840, JEOL, Japan) was used for the morphological characterization of the scaffolds.
Results
The resulting implant possessed the designed internal pore architecture, as shown in figure 3 . The main channel connects with all the branch channels and the pores ( figure 3(a) ). The pre-set main channel maintains well and connects with branch channels ( figure 3(b) ). The final pore size was 1.3-1.5 mm (designed as 2 mm). The diameters of the interconnected pores were distributed between 600 and 800 μm (designed as 1000 μm) ( figure 4(a) ). Compared with the design values, the pore size of the sintered sample shrank by approximately 30% which could be the result of redundant solidification caused by scattered laser radiation on the surface of the ceramic suspension. Scanning electron microscopy (SEM) showed the rough surface of the sintered sample with apparent ceramic granular particles bonding with each other ( figure 4(b) ). The results of x-ray diffraction are shown in figure 5 . The sintered ceramic powder showed the same ingredients as the original β-TCP powder. It could be speculated that no significant phase transition occurred nor significant organic residual left during the sintering process.
As can be seen from the compressive strength test curve of sintered β-TCP ceramic in figure 6 , the maximum compressive strength the sample achieved is as high as 23.54 MPa which is comparable to that of human cancellous bone.
The porosity test showed that sample porosity after sintering is 45%, smaller than the designed value 67%. Porosity shrinkage occurred during fabrication. The laser beam scattered by some ceramic particles could be responsible for the shrinkage, which in turn results in the disagreement of porosity and pore size between designed and sintered samples.
Discussion
ONFH is a devastating disease. The natural history of the established disease progress like this: progressive necrosis, followed by collapse and subsequent arthrosis of the hip [11] . In order to achieve early prevention of cartilage damage and femoral head collapse, it is important to promote the microstructure design and control vascular ingrowth during the restoration.
Numerous studies have revealed that the pure implantation of osteoblasts, bone mesenchymal stem cells or specific biological factors would enhance new bone formation [12] [13] [14] . But for large tissue transplantation, blood supply seems much more critical. If the blood supply does not recover in time, new regenerated tissue might undergo the necrotic process before tissue engineered implants have integrated into the host body. The current practical solution is the application of endothelial cell growth factor to accelerate the formation of small blood vessels [14] , while large amounts of vascular ingrowth accelerate the bone formation and the absorption of necrotic bone at the same time. The accelerated absorption results in a rapid decrease of biomechanical strength in the necrosis region. As a result, the chance of collapse apparently increases. Wang and Pei designed and fabricated a kind of implant with 'C' shaped section inside; a vascular bundle was implanted into the pre-set groove and nourishing porous structures were detected in the engineered implant nearby the vascular bundle. The engineered implant was nourished by both bone vascular ingrowth from the surrounding and the exogenous vascular from the implanted vascular bundle [15] . This novel pre-set vascular scaffold revealed that a scaffold with a pre-set flow system implanted with endothelia cells or vascular bundle would be a promising way for the reconstruction of blood circulation.
A novel porous implant with pre-set channels for blood vessel implantation was designed and fabricated in this research attempting to treat early femoral head necrosis. The designed 3D channel system could make the vascular implantation available which would induce vascular budding growth and activate the bone regeneration.
A series of characters including biocompatibility, mechanical properties, manufacturing ability, fabricating technology should be considered when certain biomaterials are chosen to fabricate a complex tissue engineering scaffold. As for mechanical properties, implants fabricated by tantalum possessing high strength and low modulus of elasticity (3 GPa) are similar to cortical bone, which makes minimizing stress shielding realistic. Porous core tantalum implants, produced by Zimmer Corporation, with interconnected porosity 75-80% and average pore size 430 μm, are similar to cancellous bone. The ideal structure is conducive to bone formation. Furthermore, it can enhance the revascularization of the implant in the necrotic area [11] . However, the material is not degradable and its elastic modulus is still far greater than cancellous bone. These properties could limit its application in bone regeneration and osteonecrosis therapy.
β-TCP bioceramics applied in this study is widely used in bone graft substitutes. It shows good biocompatibility and similar modulus with natural cancellous bone. Seebach reported that compared with other currently widely used artificial bioceramic materials, β-TCP can better promote the proliferation and differentiation of MSC [16] . The microstructure of sintered β-TCP ceramic has been shown by a SEM micrograph in this study; a rough and granular surface with a large number of millipores was observed. Such morphology has a large specific surface which is beneficial for cell adhesion and proliferation. The elastic modulus of β-TCP ceramics is similar to that of natural cancellous bone. All these characters make β-TCP ceramic mentioned in this research a promising material in bone regeneration and osteonecrosis therapy.
Wiesmann et al pointed out that the scaffold architecture affects both single cell parameters (cell viability, cell migration, cell differentiation) and the composition of the generated tissue substitute [17] . Independent of the underlying material, various basic scaffold characteristics (including scaffold composition, external geometry, macrostructure, microstructure, interconnectivity, surface/volume ratio, and so on) are crucial. At present, the common therapy for ONFH is tantalum screws or nails with a simple columnar structure; the advantages are simple surgery operation and fixation reliability, with an apparent drawback of the disability of biomimetic realization in both microstructure and macrostructure. Wang et al applied a Ni-Ti memory alloy superelastic cage (with wire braided tennis structure) filled with cancellous bone to treat femoral head necrosis. This flexible structure design is not only convenient for implantation but also relieves cancellous bone stress shielding [11, 18] .
Based on these cognitions, biodegradable β-TCP ceramic with porous structure and pre-set conduits for blood vessel implantation might be a promising substitute to treat early ONFH. As for fabricating implants with structures of high complexity, various engineering parameters (technical procedure, fabrication accuracy, automation) affect the result of the scaffold production [17] . The complex structure and sophisticated design cannot be realized by traditional fabrication methods.
It is well known that RP technology, also known as the free object manufacturing (solid freeform fabrication, SFF), shows many advantages over the conventional techniques [19] .
Several rapid prototyping methods were applied to produce ceramic parts directly from three-dimensional models as the fabrication of ceramics by rapid prototyping methods can produce nearly net-shaped ceramic parts or casting molds [20] [21] [22] [23] [24] . Sherwood developed a unique, heterogeneous osteochondral scaffold using the TheriFormTM 3D printing process [21] .
The material composition, porosity, macroarchitecture, and mechanical properties varied throughout the scaffold structure.
To fabricate a ceramic scaffold with multiple controlled microstructures and pre-set channels, high accuracy and numerous procedures are crucial for the RP technique. Stereolithography (SL) is often considered a pioneer RP technique with higher resolution compared with the other RP methods, but the use of photocurable resin restricts its application in the fabrication of ceramic parts. To exploit its potential for high resolution and to extend its scope to usable material, the SL method has been modified for threedimensional ceramic fabrication by adding ceramic powders to photosensitive resin [25] . The modified SL method is named as ceramic stereolithography (CSL) and includes a series of processes, such as the preparation of a photosensitive ceramic suspension, green ceramic parts fabrication, the removal of crosslinking agent, and sintering. The fabrication of three-dimensional ceramic parts has been investigated in our previous studies [26] [27] [28] [29] .
In this study, we describe a method for fabricating a β-TCP implant with designed and reproducible threedimensional porous architectures and channels. The CSL technique allows us to directly fabricate the desired scaffold characteristics, layer by layer, by accurately controlling the SL. This computer controlled fabrication shows great flexibility, by which both external shape and internal architecture are achieved at the same time according to our design, with a concise external shape curve (matching the implant site's geometry) and accurate internal architecture (distribution, orientation, interconnectivity, and size).
The internal morphology controlled scaffold might be critical to obtaining the proper shape for the newly grown tissue because nutrient and oxygen flow through the internal channels might be able to support cell migration, proliferation, and differentiation deep inside the implant. Other positive aspects include a shorter fabrication time and a higher rate of finished products.
As for medical application, the routine surgery procedure of decompression and vascularized fibula grafting is workable on the proposed implant [5] . Since the implant is artificial, there is no need to acquire autogenous bone graft. Less risks of bleeding, infection and pain could be achieved this way.
Spectrum analysis results reveal that no significant phase transition occurred nor significant organic residual left during the sintering process, which is significant for biocompatibility and degradation of implants. Owing to the material selection and structural design, the maximum compressive strength the sample achieved is as high as 23.54 MPa which is comparable to that of human cancellous bone. This kind of implant can achieve early mechanical support after the establishment of core decompression treatment in early ONFH therapy.
Conclusions
According to the anatomical characterization of human natural bone and demand of early treatment of ONFH, novel porous implants with pre-set channels were designed and fabricated for blood vessel implantation. Bioceramic stereolithography technology based directly on the CAD model was applied in this fabrication process. This technology is advantageous in accurate design, optimization of 3D scaffold and critical control of the fabrication process. It is significant that the implants meet the need of optimization for early prevention and restoration of femoral head necrosis. Therefore, the revascularized implant might be a promising treatment for early femoral head necrosis.
